Recent studies demonstrated significantly higher serum leptin concentrations in females as compared with males, even after correction for differences in body fat mass. The aim of our study was to measure serum leptin concentrations in a large group of obese children and adolescents to determine the possible role of sex steroid hormones on both leptin serum concentrations and production in human adipocytes. Obese girls were found to have significantly higher leptin concentrations than boys at the same degree of adiposity (25.2 Ϯ 14.1 vs. 17.2 Ϯ 12.6 ng/ml, P Ͻ 0.001). In a multiple regression analysis with age and body mass index (percent body fat) as fixed variables, it turned out that testosterone had a potent negative effect on serum leptin in boys, but not in girls. In vitro experiments using newly developed human adipocytes in primary culture showed that both testosterone and its biologically active metabolite dihydrotestosterone are able to reduce leptin secretion into the culture medium by up to 62%. Using a semiquantitative reverse transcriptase-PCR method, testosterone was found to suppress leptin mRNA to a similar extent. These results suggest that, apart from differences in body fat mass, the higher androgen concentrations in obese boys are responsible for the lower leptin serum concentrations compared with obese girls. ( J. Clin. Invest. 1997. 100:808-813.) Key words: androgens • gender difference • human adipose tissue • leptin
Introduction
Leptin is an adipocyte-specific protein that is secreted into the circulation and may represent an important afferent signal involved in the regulation of body weight (1, 2) . The lack of leptin in mice results in obesity as described for the ob/ob mouse model (1) , and administration of leptin to these animals and other rodent models of obesity decreases body weight by reducing food intake and increasing energy expenditure (3) (4) (5) .
There is now evidence from many studies that leptin production corresponds to the size of the body fat stores, but its expression is also acutely regulated by hormonal and possibly nutritional factors (2) .
Several studies reported an increased expression of leptin in obese humans both at the mRNA and protein level (6) (7) (8) (9) (10) . A common finding of such studies was that serum leptin levels in humans are closely correlated with the body mass index (BMI) 1 or other measures of body fat, and less but also significantly with serum insulin (10) (11) (12) . This association was weaker when the intraabdominal fat mass was considered (11) , possibly due to a lower expression of leptin in visceral adipose tissue (13) . Similar to results obtained in animal experiments, we recently demonstrated that both insulin and cortisol are potent promoters of leptin production in cultured human adipocytes (14) .
It has been repeatedly shown that leptin levels are higher in females as compared with males even after correction for the degree of body fat mass (9) (10) (11) (15) (16) (17) (18) . In two studies, obese children also exhibit elevated leptin levels and girls had higher concentrations than boys independent of the degree of obesity (11, 17) . It is tempting to speculate from these observations that androgens are involved in the regulation of leptin production.
It was the aim of this study to investigate the influence of age, gender, and Tanner stage on leptin levels in a large cohort of obese children. To gain a better understanding of the now well established gender difference, it was our particular interest to study the possible role of androgens on leptin production. For this purpose, additional experiments were performed to examine the effect of androgens on leptin production in cultured human adipocytes.
Methods
Subjects. A total of 480 obese children and adolescents (208 boys, 272 girls) between 5.5 and 19.4 yr old were included in the study. All subjects were consecutively referred to a pediatric clinic to undergo a weight reduction program consisting of a hypocaloric diet and a physical exercise program for 6 wk. All anthropometric measurements, physical examinations, and blood sampling were performed immediately after admission, before starting the weight reduction program. The study protocol was approved by the Ethical Committee of the University of Ulm. Informed consent was obtained from the parents of each participant or when appropriate from the patient.
The physical examination included the assessment of the pubic hair stage (PH) according to Marshall and Tanner (19, 20) as an index of the developmental stage. Height was determined to the nearest 0.5 cm, and weight to the nearest 0.1 kg using a calibrated scale. BMI was calculated as a measure of the degree of obesity (kilograms per square meter). All children had a BMI Ͼ 85% percentile specific for age and gender. Percentage body fat was determined in 115 subjects (69 boys and 45 girls) by bioimpedance analysis using an equation developed with deuterium dilution as reference method (21) . The main clinical characteristics of the children are summarized in Table I .
Laboratory measurements. Blood samples were collected between 0700 and 0800 hours after an overnight fast of 12 h on the day after admission in 219 subjects (138 boys and 81 girls). After centrifugation, serum samples were immediately stored at Ϫ 20 Њ C until later analysis. Commercially available test kits were used to measure serum insulin (International CIS, Gif-sur-Yvette, France), cortisol, testosterone, estradiol, and dihydroepiandrosterone sulfate (DHEAS) (Immuno Biological Laboratories, Hamburg, Germany). Serum leptin concentrations were measured in all 480 subjects with a specific radioimmunoassay as recently described in detail (14) .
Adipose tissue samples. Subcutaneous adipose tissue samples (50-200 g wet wt) were obtained from seven young females (age 30 Ϯ 5 yr, means Ϯ SD; BMI 29.5 Ϯ 3.0 kg/m 2 ) undergoing mammary reduction. For comparison, subcutaneous adipose tissue was also obtained from a male subject undergoing abdominal reduction plastic (age 45 yr, BMI 39.6 kg/m 2 ). All subjects were otherwise healthy according to physical examination and laboratory tests. Tissue samples were immediately transferred to the laboratory in phosphate-buffered saline containing 20 mg/ml bovine serum albumin.
Cell culture. The isolation and culture of the adipose tissuederived stromal cells was performed as described previously with minor modifications (22) . Briefly, adipose tissue samples were minced into small pieces and digested using 1 mg/ml collagenase in phosphate buffered saline containing 20 mg/ml bovine serum albumin, pH 7.4, for 40-50 min under intermittent shaking. After washing and centrifugation steps, including a short incubation with an erythrocyte lysing buffer, stromal cells were cultured in serum-free DME/Ham's F-12 medium (1:1 vol/vol) supplemented with 15 mmol/liter NaHCO 3 , 15 mmol/liter Hepes, 33 mol/liter biotin, 17 mol/liter pantothenate, 10 g/ml human transferrin, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. To induce adipose differentiation, 100 nmol/liter cortisol and 66 nmol/liter insulin were added (adipogenic medium). The percentage of differentiated fat cells after 16 d of culture was assessed by microscopically counting the number of lipid-filled cells in relation to total cell number in 10 randomly selected areas per dish, each area representing 1 mm 2 . In all cultures, the differentiation rate exceeded 50%.
Incubations with testosterone and dihydrotestosterone (DHT), respectively, were performed in the presence of cortisol and insulin to maintain a high basal leptin production (14) . Androgens were dissolved in ethanol to a final ethanol concentration of 1%. The fat cell cultures were exposed to androgens for up to 12 d at the concentrations indicated. Leptin was measured in the culture medium.
Isolation of RNA. RNA was prepared as described previously (14) . Lysates were layered on a cesium chloride cushion and centrifuged at 28,000 rpm (Ultracentrifuge, rotor SW40, Sorvall Deutschland, Bad Homburg, Germany) for 29 h at 20 Њ C. Pelleted RNA was dissolved with 300 l sodium acetate/Tris buffer and was neutralized by addition of 50 l 2 M potassium acetate (pH 5.5).
cDNA generation and PCR. A detailed description of cDNA synthesis and PCR is given elsewhere (14) . Briefly, total RNA was diluted to 0.2 g/ l in Tris/EDTA buffer, and first strand cDNA was prepared using 5 l RNA, Superscript RT reverse transcriptase, and random hexamers (both Gibco BRL, Berlin, Germany) according to the instructions of the manufacturer. cDNA was diluted 1:8 with H 2 O and PCR carried out using 7 l diluted cDNA and a PCR primer mix containing 1.0 U Taq polymerase in its 1 ϫ buffer (Gibco BRL), 40 mol/liter dCTP, dGTP, dTTP, 20 mol/liter dATP, 2.5 Ci of 1,000-3,000 Ci/mmol (alpha-33 P)-dATP (Amersham International, Braunschweig, Germany), and 10 pmol of each primer in a 50-l volume overlaid with 50 l mineral oil. PCR conditions were a denaturation step at 95 Њ C for 1 min followed by 20 cycles of 94 Њ C, 30 s; 55 Њ C, 1 min; 72 Њ C, 1 min. In this semiquantitative reverse transcription-PCR method, two primer sets were used simultaneously in the same tube whereby variation in amount of cDNA and between tubes was taken into account. One primer set was specific for leptin cDNA and the other specific for the transcription factor Sp1, which is ubiquitously expressed and was used as internal standard. To be sure that the amplification of both leptin and Sp1 cDNA was within the exponential range, different numbers of PCR cycles (20-28 cycles) were run. Finally, 22 cycles of PCR amplification were used for the detection of leptin mRNA.
Human leptin gene specific primers; 5 Ј primer 5 Ј -CTTGGC-CCTATCTTTTCTA TGTTC-3 Ј and 3 Ј primer 5 Ј -ATAAGGTCA-GGATGGGGTGGAGC-3 Ј . Compared with the published human sequence, the position of the sense primer is bases 34-57 in exon 2 and of the antisense primer is bases 2438-2460 in exon 3. Human Sp1-specific primers: 5 Ј primer 5 Ј -gagagtggctcacagcctgtc-3 Ј and 3 Ј primer 5 Ј -gttcagagcatcag acccctg-3 Ј (23). PCR products were analyzed on a 6% polyacrylamide/7 M urea gel exposed to a Phospho-Imager (Fujix BAS 1000; Fuji Photo Film Co., Tokyo, Japan) screen suitable for quantification. In the absence of transcriptase, the PCR products have not been generated.
Statistical methods. All statistical analysis were done with BMI as an indicator of body fatness in the whole study group ( n ϭ 480, 208 boys and 272 girls) or in the subgroup in which hormonal data were obtained ( n ϭ 219, 138 boys and 81 girls) as well as with body fat determined by bioelectrical impedance analysis as another indicator of body fatness in 115 subjects (69 boys, 45 girls) in which the hormonal data were also obtained. All variables under investigation were sufficiently normally distributed that parametric analyses could be used. Differences in serum concentrations of leptin between girls and boys were calculated using analysis of covariance, controlling for the influence of age and BMI. Pearson's correlation coefficients between variables under investigation were calculated using linear regression analysis. To investigate the possible influence of the hormones under investigation on leptin concentrations, a multivariate regression analysis with stepwise backward selection of variables was performed where age and BMI were kept as fixed variables in the model. Comparison of leptin production by adipocytes in the absence or presence of androgens was done using Student's t test. All statistical calculations were performed using the Statistical Analysis System software (SAS Version 1990; SAS Institute, Cary, NC).
Results
Clinical studies. The study population of obese children and adolescents covered a wide range of age as well as of BMI and body fat estimated by bioelectrical impedance analysis, which was performed in a subgroup ( Table I ). The correlation coefficients between BMI and body fat measured by bioelectrical impedance analysis were as follows: in boys, r ϭ 0.91, P Ͻ 0.001, and in girls, r ϭ 0.92, P Ͻ 0.001. Since it has been reported that BMI is closely correlated with more appropriate measures of body fatness early in puberty, while there is significant discordance by Tanner stage V (24), we calculated the correlation coefficients also for: boys (PH I-IV), r ϭ 0.92, P Ͻ 0.001; boys (PH V), r ϭ 0.82, P Ͻ 0.001; girls (PH I-IV), r ϭ 0.88, P Ͻ 0.001; girls (PH V), r ϭ 0.87, P Ͻ 0.001. These data indicate that the relationship between BMI and body fat is less strong in postpubertal boys. When children were divided into six categories according to pubic hair stage and gender, it was apparent that girls had significantly higher serum leptin concentrations than boys even at preadolescent age. However, the gender difference controlled for BMI in children at PH stages I and II (boys vs. girls: 13.6 Ϯ 7.7 vs. 18.4 Ϯ 10.8 ng/ml, P ϭ 0.018) was less pronounced than in the children at PH stage V (boys vs. girls: 16.8 Ϯ 12.6 vs. 28.3Ϯ15.2 ng/ml, P Ͻ 0.001). It is also obvious from Fig. 1 that with advancing sexual development as assessed by PH stage there was a continuous increase in serum leptin levels in the obese girls but not in the obese boys. Comparable significant differences were obtained when leptin levels were controlled for body fat assessed by body impedance analysis (data not shown).
To determine the hormonal factors that may be involved in the regulation of serum leptin concentrations, a linear regression analysis was performed including serum insulin, cortisol, testosterone, DHEAS, and estradiol. As presented in Table II , in addition to BMI and percent body fat, fasting insulin was positively correlated with serum leptin in obese boys, whereas serum testosterone was negatively associated (r ϭ Ϫ0.20, P Ͻ 0.05). In the group of obese girls, there were strong positive associations between serum leptin concentrations and BMI, and percent body fat and fasting insulin, respectively, whereas weak associations were obtained between serum leptin and age, and cortisol and estradiol concentrations, respectively (Table II) . Fig. 2 demonstrates the relationship between serum testosterone and the leptin/BMI ratio, to correct for the degree of adiposity, in both genders. In girls, no significant correlation was found (r ϭ Ϫ0.07, P ϭ NS), whereas in boys an inverse correlation was obvious (r ϭ Ϫ0.35, P Ͻ 0.01) (Fig. 2 ). An even stronger inverse correlation was found in boys between Figure 1 . Serum concentrations of leptin at different stages of sexual development in boys () and girls (ᮀ). The total number of subjects in the groups were, boys: PH I-II , n ϭ 20; PH III-IV , n ϭ 111; PH V , n ϭ 77; girls: PH I-II , n ϭ 15; PH III-IV , n ϭ 130; PH V , n ϭ 127. Serum leptin was measured using a specific radioimmunoassay as described in Methods. (Data are given as meansϮSD.) the leptin/body fat ratio and testosterone (r ϭ Ϫ0.46, P Ͻ 0.01) (data not shown). There seems to exist a critical concentration of ‫ف‬ 1 ng/ml testosterone above which this hormone negatively influences serum leptin (Fig. 2) .
In the multiple regression analysis with backward selection of variables, and BMI and age (Table III) or body fat and age (Table IV) as fixed variables, it turned out that, after controlling for the effect of other possible influencing variables, testosterone and pubic hair stage were the only variables in the models with a significant effect on serum leptin in boys. In girls, serum leptin was positively affected by fasting insulin (Tables III and IV) and, when BMI was used as an index of body fatness, by cortisol, whereas DHEAS levels were found to be weakly inversely associated with leptin (Table III) . When boys and girls were combined and gender was used as a fixed variable, testosterone remained the most powerful hormonal factor that influenced serum leptin concentration. In addition, insulin and cortisol concentrations proved to have a weak positive effect on leptin, whereas DHEAS had a weak negative effect on serum leptin (data not shown).
In another approach, the contribution of testosterone to serum levels of leptin was assessed by examining the effect of the presence and absence of testosterone on the multiple regression coefficient (R) in the multiple regression analysis: R decreased from 0.75 to 0.60 when BMI was included in the model and from 0.83 to 0.66 when body fat was included in the model, respectively.
In vitro experiments. To unravel how testosterone is able to suppress serum leptin levels, we performed additional in vitro experiments on its effect on leptin production in cultured human adipocytes using an established cell culture system (22) . Adipose cells cultured under serum-free conditions in the presence of insulin and cortisol secrete stable amounts of leptin into the culture medium, as described recently (14) . When such newly developed human adipocytes were exposed to testosterone or dihydrotestosterone, there was a time-and dosedependent decrease in the amount of leptin detectable in the medium. Compared with control cultures, leptin concentration in the culture medium was reduced by 26% at 1 ng/ml testosterone (P Ͻ 0.01) and by 62% at 1,000 ng/ml testosterone (P Ͻ 0.01) after 6 d of exposure (Fig. 3 A) . This suppression remained unchanged thereafter without a further decrease at longer exposure periods (studied for up to 12 d, data not shown). Similar results were obtained when human fat cells were incubated with DHT with a similar dependency on exposure time as seen for testosterone. A significant effect was already detectable at a concentration of 1 pg/ml DHT for 6 d (Fig. 3 B) . A reduction of leptin production was also observed when adipocytes from a male subject were studied (data not shown). Additional experiments using reverse transcription-PCR were carried out to examine if the suppression by testosterone was due to a change in leptin mRNA levels. Exposure of cultured human fat cells to 10 and 100 ng/ml testosterone for 6 d resulted in a significant reduction of the leptin/Sp1 ratio, which was used as an index of leptin expression by ‫ف‬ 40-60% (data not shown).
Discussion
The results of this study indicate a close relationship between serum leptin and BMI or percent body fat in overweight children and adolescents as well as a clear cut gender difference, particularly at PH stage V, thereby confirming two recent reports in children (11, 17) . These data are also in agreement with studies on leptin concentrations in lean and obese adults (9, 10, 15, 16, 18) . However, discrepant findings were reported when leptin levels were corrected for body fat mass. In the first reports, the gender difference was no longer significant when body fat mass was accounted for (9, 10), whereas it remained detectable in some more recent studies (15, 16, 18) . In our study, a small but significant gender difference was observed in the children at PH stages I and II in accordance with recently published data (11) . At PH stage V, leptin concentrations in girls were Ͼ 50% higher than those in boys at the same degree of body fat mass.
In a multiple regression analysis, it turned out that serum testosterone has a potent negative effect on leptin concentrations, suggesting that the lower leptin concentrations in males are probably due to their higher testosterone levels as compared with females. The observation that the gender difference is already present at PH stages I and II may also be explained by the beginning of increased androgen production at these early stages of sexual development in prepubertal boys (25) . In addition to testosterone, PH stage has been found to be an independent factor influencing serum leptin.
In contrast with boys, serum testosterone was not a predictor of serum leptin concentrations in the obese girls. Obviously, androgen levels in obese girls are not high enough to exert an inhibitory action on leptin, as depicted in Fig. 2 . In the multiple regression analysis using BMI as index for body fatness, insulin and, less pronounced, cortisol were found to have significant positive effects on serum leptin, whereas DHEAS had a weak negative influence. These findings are in agreement with experimental data demonstrating that both insulin and cortisol are able to stimulate leptin expression in cultured human adipocytes (14) .
The results of our study also show that children and adolescents exhibit a similar increase in leptin levels at increasing body fat mass as adults. Despite the considerable variation in leptin concentration at a given level of obesity, there was a close correlation between leptin and BMI. The association between leptin and percent body fat was even closer, also indicating that obese children have a similar "leptin resistance" as originally postulated for obese adults (10) and that this phenomenon is occurring early in life. However, the definite role of hyperleptinemia in human obesity is far from being understood.
In vitro studies of cultured human adipocytes revealed a suppressive effect of testosterone and its biologically active metabolite dihydrotestosterone on leptin production, suggesting a direct effect of testosterone at the fat cell level. This suppression was found both at the protein and the mRNA level. The existence of androgen receptors in human adipose tissue is well established (26) . How testosterone is able to exert this negative effect is currently not clear. Apart from a direct effect of testosterone at the gene level, the possibility cannot be excluded that this suppression is mediated by indirect mechanisms of action such as a stimulation of lipolysis. It is well known that lipolysis is increased in response to testosterone (26) , and fatty acids have been reported to decrease leptin ex- Figure 3 . Effect of testosterone and dihydrotestosterone on leptin production in cultured human adipocytes. Fully differentiated human fat cells were exposed to testosterone or dihydrotestosterone at increasing concentrations in a serumfree medium containing insulin and cortisol. The culture medium was changed every third day, including all hormones. Data are given as nanograms/24 h per 10 5 adipocytes of four experiments in triplicate with cells obtained from four different women. Results obtained with cultures from one male subject gave comparable results. (A) Control (), 1 ng/ml testosterone (᭡), 10 ng/ml testosterone (᭜), 100 ng/ml testosterone (᭝), and 1,000 ng/ml testosterone (ᮀ); (B) control (), 1 (᭜), 10 (᭡), and 100 (ᮀ) pg/ml DHT. pression (27) . Additional studies are required to elucidate this effect in more detail.
The physiological importance of the inverse relationship between testosterone and leptin concentrations is unknown. There is no evidence that the gender difference in leptin production affects the risk of becoming obese later in life, as obesity is largely equally distributed among males and females. However, if leptin is acting as an important satiety signal in humans, it may be speculated from a biological point of view that the suppression of leptin production by testosterone allows an increased caloric intake that is required to compensate for the increased energy need in males. The higher energy expenditure in males compared with females is due to a greater lean body mass (28) , on the one hand, and possibly due to a distinct thermogenic property of androgens (29) , on the other. In addition, androgens are also a main determinant of muscle mass (30, 31).
In conclusion, our study suggests that androgens have a potent suppressive effect on leptin expression in adipocytes, which may be responsible for the marked gender difference in serum leptin concentrations in addition to the difference in body fat mass. This gender difference becomes evident in early puberty in conjunction with the developing dimorphism in sex steroid hormone production.
